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Oxidative stress plays an important role in the pathogenesis of lung
inflammation. Respiratory syncytial virus (RSV) infection induces
reactive oxygen species (ROS) production in vitro and oxidative
injury in lungs in vivo, however, the mechanism of RSV-induced
cellular oxidative stress has not been investigated. Therefore, we
determined whether RSV infection of airway epithelial cells modified
the expression and/or activities of antioxidant enzymes (AOE). A549
cells, a human alveolar type ll-like epithelial cell line, and small
airway epithelial (SAE) cells, normal human cells derived from
terminal bronchioli, were infected with RSV and harvested at various
time points to measure F,-8 isoprostanes by enzyme-linked immu-
nosorbent assay and total and reduced glutathione (GSH and GSSG)
by colorimetric assay. Superoxide dismutase (SOD) 1, 2, and 3,
catalase, glutathione peroxidase (GPx), and glutathione S-trans-
ferase (GST) expression was determined by quantitative real-time
PCR and Western blot, and their activity was measured by colori-
metric assays. RSV infection induced a significant increase of lipid
peroxidation products as well as a significant decrease in the GSH/
GSSG ratio. There was a significant decrease in SOD 1, SOD 3,
catalase, and GST expression with a concomitantincrease of SOD 2in
RSV-infected cells, compared with uninfected cells. Total SOD
activity was increased, but catalase, GPx, and GST activities were
decreased, after RSV infection. Our findings suggest that RSV-
induced cellular oxidative damage is the result of an imbalance
between ROS production and antioxidant cellular defenses. Modu-
lation of oxidative stress represents a potential novel pharmacologic
approach to ameliorate RSV-induced acute lung inflammation.
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Respiratory syncytial virus (RSV) is the one of the most
important causes of viral upper and lower respiratory tract
infections in infants and young children. RSV is so ubiquitous in
nature that it will infect 100% of children before the age of 3.
The number of children hospitalized each year in the United
States with viral lower respiratory tract infections (LRTI) has
recently been estimated at over 200,000, and 500 deaths occur
per year in children under 5 years of age (1). Although the
mechanisms of RSV-induced airway disease and associated
long-term consequences remain incompletely defined, the lung
inflammatory response is thought to play a fundamental role.
Oxidative stress has been shown to contribute to the pathogenesis
of both acute and chronic lung inflammatory diseases (reviewed
in Refs. 2—4). Reactive oxygen species (ROS) are highly unstable
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molecules produced from the pulmonary epithelial and endothe-
lial cells involved in many forms of tissue damage, including the
damage caused to cellular components such as lipids, proteins,
and DNA (reviewed in Refs. 5, 6). We have previously shown
that RSV infection of airway epithelial cells induces ROS
production, which is involved in transcription factor activation
and chemokine gene expression (7, 8). We have also shown that
RSV induces oxidative stress in lungs in vivo, using a mouse
model of RSV infection, and that antioxidant treatment signifi-
cantly ameliorates RSV-induced clinical disease and pulmonary
inflammation (9).

Cells are protected against oxidative damage by well-
developed enzymatic and nonenzymatic antioxidant systems,
including superoxide dismutase (SOD), catalase, glutathione-
dependent enzymes, thioredoxin, and peroxiredoxins, which
protect cells against ROS and cytotoxic products of lipid
peroxidation. Antioxidant enzymes (AOE) can either directly
decompose ROS (e.g., SOD and catalase) or facilitate these
antioxidant reactions (e.g., peroxidase using glutathione as
a reducing agent). The molecular mechanism(s) responsible
for RSV-induced oxidative damage is not known; therefore,
the aim of this study was to investigate whether RSV infection
modified AOE expression and/or activity in airway epithelial
cells. Our results show that RSV induced significant oxidative
stress in infected airway epithelial cells, as indicated by the
increase of F,-8 isoprostanes, a marker of lipid peroxidation,
and by a significant decrease of the total versus reduced
glutathione (GSH/GSSG) ratio. Expression of SOD 1, SOD
3, catalase, and glutathione S-transferase (GST) was signifi-
cantly reduced after RSV-infection, with a concomitant in-
crease only of SOD 2 expression. Enzymatic assay results
showed that total SOD activity was increased but that catalase,
glutathione peroxidase (GPx), and GST activities were de-
creased, suggesting that RSV-induced cellular oxidative dam-
age is the result of an imbalance between ROS production and
antioxidant cellular defenses.

MATERIALS AND METHODS

RSV Preparation

The RSV A2 strain was grown in Hep-2 cells and purified by
centrifugation on discontinuous sucrose gradients as described else-
where (10). The virus titer of the purified RSV pools was 8 to 9 logg
plaque-forming units (PFU)/ml using a methylcellulose plaque assay.
No contaminating cytokines were found in these sucrose-purified viral
preparations (11). LPS, assayed using the limulus hemocyanin agglu-
tination assay, was not detected. Virus pools were aliquoted, quick-
frozen on dry ice/alcohol, and stored at —70°C until used.

Cell Culture and Infection of Epithelial Cells with RSV

A549 cells, a human alveolar type II-like epithelial cell line (American
Type Culture Collection, Manassas, VA) and small alveolar epithelial
(SAE) cells (from Clonetics, San Diego, CA), normal human airway
epithelial cells derived from terminal bronchioli, were grown according
to the manufacturer’s instructions. A549 and SAE were maintained in
F12K and small airway epithelial cell (SAEC) growth medium, re-
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spectively, containing 10% (vol/vol) FBS, 10 mM glutamine, 100 IU/ml
penicillin, and 100 pg/ml streptomycin for F12K medium; and 7.5 mg/ml
bovine pituitary extract (BPE), 0.5 mg/ml hydrocortisone, 0.5 pg/ml
hEGF, 0.5 mg/ml epinephrine, 10 mg/ml transferrin, 5 mg/ml insulin,
0.1 pg/ml retinoic acid, 0.5 pg/ml triiodothyronine, 50 mg/ml gentami-
cin, and 50 mg/ml bovine serum albumin (BSA) for SAEC medium.
When SAE were used for RSV infection, they were changed to basal
medium, not supplemented with growth factors, 6 hours before and
throughout the length of the experiment. At around 80 to 90%
confluence, cell monolayers were infected with RSV at multiplicity of
infection (MOI) of 1 (unless otherwise stated), as previously described
(12). An equivalent amount of a 30% sucrose solution was added to
uninfected A549 and SAE cells, as a control.

For the catalytic scavenger experiment, cells were pretreated with
EUK-163 or EUK-134 (Eukarion, Inc., Bedford, MA) for 1 hour and
then infected in the presence of the compound. Since EUKs were
diluted in ethanol, equal amounts of ethanol were added to untreated
cells, as a control. Total number of viable cells and viral replication
after antioxidant treatment were measured by trypan blue exclusion
and by plaque assay, respectively. There was no significant change in
either cell viability or viral replication with both compounds.

Measurement of Lipid Peroxidation Products

Measurements of F, 8-isoprostane were performed using a competitive
enzyme immunoassay from Cayman Chemical (Ann Arbor, MI), ac-
cording to manufacturer’s instructions. Measurement of lipid peroxidation
markers malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE)
was performed using a lipid peroxidation kit from Calbiochem (San
Diego, CA).

Determination of Glutathione

Total or reduced glutathione concentration in the total cell lysates was
measured spectrophotometrically by using a glutathione assay kit
(Cayman Chemical). Briefly, total cell lysates from control and RSV-
treated A549 and SAE cells were deproteinated by adding an equal
volume of metaphosphoric acid (MPA) reagent (5 g of MPA in 50 ml
of water). After incubation at room temperature for 5 minutes and
centrifugation at 2,000 X g for 2 minutes, supernatant was collected
and, after addition of triethanolamine (TEAM) reagent (4 M), it was
used for GSH measurement. For GSSG measurement, 2-vinylpyridine
(1 M) was added to the sample solution with TEAM reagent, which
was incubated at room temperature for 1 hour and assayed for GSSG
concentration, according to the manufacturer’s instructions. GSH and
GSSG amounts were calculated in micromoles.

Western Blotting

Nuclear extracts were prepared from A549 cells uninfected or infected
with RSV for various lengths of time using the hypotonic/nonionic
detergent lysis as previously described (13). Total cell lysates were
prepared from control and infected A549 cells by adding ice-cold lysis
buffer (50 mM Tric-HCI, pH 7.4, 150 mM NaCl, 1 mM EGTA, 0.25%
sodium deoxycholate, 1 mM Naz;VO,, 1 mM NaF, 1% Triton X-100,
and 1 pg/ml of aprotinin, leupeptin, and pepstatin). After incubation
on ice for 10 minutes, the lysates were collected and detergent in-
soluble materials were removed by centrifugation at 4°C at 14,000 X g.
Proteins (1020 wg per sample) were then boiled in 2X Laemmli
buffer and resolved on SDS-PAGE. Proteins were transferred onto
Hybond-polyvinylidene difluoride membrane (Amersham, Piscataway,
NJ) and nonspecific binding sites were blocked by immersing the
membrane in Tris-buffered saline-Tween (TBST) blocking solution
(10 mM Tris-HCI, pH 7.6, 150 mM NaCl, 0.05% Tween-20 [vol/vol])
containing 5% skim milk powder or 5% bovine serum albumin for
30 minutes. After a short wash in TBST, the membranes were
incubated with the primary antibody overnight at 4°C, followed by
an anti-rabbit peroxidase-conjugated secondary antibody (Santa Cruz
Biotechnology, Santa Cruz, CA), diluted 1:10,000 in TBST for
30 minutes at room temperature. After washing, the proteins were
detected using ECL (Amersham) according to manufacturer’s pro-
tocol. The primary antibodies used for Western blots were anti SOD 1,
2, and 3 rabbit polyclonal antibodies from Stressgen Bioreagents (Ann
Arbor, MI), anti-catalase rabbit polyclonal antibody from Calbiochem,
anti-nuclear factor (NF)-E2-related transcription factors (Nrf)-2 from
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Santa Cruz Biotechnology, and anti—f3-actin monoclonal antibody from
Sigma-Aldrich (St. Louis, MO).

Densitometric Analyses of AOE

Densitometric analysis of Western blot band intensities was performed
using Alpha Ease software, version 2200 (2.2 d) (Alpha Innotech Co.,
San Leandro, CA). Bands in RSV-infected samples were normalized to
uninfected control sample background.

Quantitative Real-Time PCR

Total RNA was extracted from control and RSV-infected A549 cells
and SAE cells by RNeasy mini kit (Qiagen, Germantown, MD). For
SOD 1, 2, 3, and catalase amplification by quantitative real-time PCR
(Q-RT-PCR), Applied Biosystems assays-on-demand 20X mix of
primers and TagMan MGB probes (FAM-dye labeled) for target genes
and 18S rRNA (VIC dye-labeled probe) TagMan assay reagent (P/N
4319413E) for controls were used. Separate tubes (singleplex) one-step
RT-PCR was performed with 80 ng RNA for both target genes and
endogenous control. The cycling parameters for one-step RT-PCR
were the following: reverse transcription 48°C for 30 minutes, Ampli-
Taq activation 95°C for 10 minutes, denaturation 95°C for 15 seconds,
and annealing/extension 60°C for 1 minute (repeat 30 times) on
ABI7000. Duplicate CT values were analyzed in Microsoft Excel using
the comparative CT (AACT) method as described by the manufacturer
(Applied Biosystems). The amount of target (2724C€T) was obtained by
normalizing to endogenous reference (18S) sample.

Biochemical Assays

Catalase, GST, GPx, and SOD activities were determined using specific
kits (Cayman Chemical; Catalog No. 707002, 703302, 703102 and
706002, respectively, for catalase, GST, GPx, and SOD), according to
the manufacturer’s instructions. Total cell lysates for the activity assays
were prepared from uninfected and infected cells at different time
points after infection according to the protocol provided by the assay
kits for the respective enzymes.

The quantification of catalase activity in the total cell lysates was
based on the reaction of the enzyme with methanol in the presence of
an optimal concentration of H,O,. The formaldehyde produced is
measured spectrophotometrically with 4-amino-3-hydrazino-5-mercapto-
124-triazole (purpald) as the chromogen. The catalase activity was
expressed as nmol/min/mg of protein in the sample.

The total GST activity was quantified by measuring the conjugation
of 1-chloro-2,4-dinitrobenzene (CDNB) with reduced glutathione. The
conjugation is accompanied by an increase in absorbance at 340 nm.
The rate of increase is directly proportional to the GST activity in the
sample. The GST activity was expressed as nmol/min/mg of protein in
the sample.

The GPx activity was determined spectrophotometrically in the
total cell lysates through an indirect coupled reaction with glutathione
reductase (GR). Oxidized glutathione (GSSG), produced upon re-
duction of hydroperoxide by GPx, is recycled to its reduced state by
GR and NADPH. The oxidation of NADPH to NADP™ is accompa-
nied by a decrease in absorbance at 340 nm. Under conditions in which
the GPx activity is rate limiting, the rate of decrease in the Ajyg is
directly proportional to the GPx activity in the sample.

SOD activity was determined by using tetrazolium salt for the
detection of superoxide radicals generated by xanthine oxidase and
hypoxanthine. One unit of SOD is defined as the amount of enzyme
needed to exhibit 50% dismutation of the superoxide radical.

ELISA

Immunoreactive RANTES and IL-8 were quantified by a double
antibody ELISA kit (DuoSet; R&D Systems, Minneapolis, MN)
following the manufacturer’s protocol. The sensitivity of the assay
was 7.8 to 2,000 pg/ml.

Statistics

A two tailed Student’s ¢ test using a 95% confidence level was per-
formed on all experiments. Significance is designated by the following:
*P < 0.05.
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RESULTS

RSV Induces Oxidative Stress in Airway Epithelial Cells

We have previously shown that RSV is a potent inducer of ROS
in airway epithelial cells in vitro (7) and that RSV causes
significant oxidative stress lung damage in vivo, as demon-
strated by the increase of lipid peroxidation markers such as F,
8-isoprostane, MDA, and 4-HNE in an animal model of in-
fection (9). To determine whether RSV induced oxidative stress
directly in airway epithelial cells, the major target of infection,
we investigated F,-isoprostane production and changes in GSH/
GSSG ratio in A549 cells either uninfected or infected with
RSV at various time points after infection. There was a pro-
gressive increase in F,-isoprostane levels in RSV-infected cells
at all time points, with a 7-, 25-, 80-, and 154-fold increase at 6,
15, 24, and 48 hours after infection, respectively, when com-
pared with control cells (Figure 1A). Similarly, there was
a significant increase in other lipid peroxidation products, such
as MDA-5 and 4-HNE, at various time points of RSV infection
(data not shown). To confirm our findings in A549 cells, a similar
experiment was performed using normal human SAE, which we
have previously shown to behave very similarly to A549 cells in
terms of chemokine/cytokine gene expression, transcription
factor, and signaling pathway activation, as well as in sensitivity
to antioxidant treatment, after RSV infection (7, 12, 14-16).
Similar to A549 cells, there was a time-dependent increase in
F,-isoprostane levels in RSV-infected cells, when compared
with control cells (Figure 1B).

On the other hand, we observed a progressive decrease of
the GSH/GSSG ratio in A549 cells after RSV infection, with
a 20, 40, and 60% reduction of the ratio at 15, 24, and 48 hours
after infection, respectively, compared with uninfected cells
(Figure 1C). A significant decrease in the GSH/GSSG ratio was
also observed in SAE cells, going from approximately 2.4 in
uninfected cells to approximately 1.8 (a 25% reduction) in cells
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infected with RSV at 48 hours after infection (data not shown).
The increase in F, 8-isoprostane levels significantly correlated
with the decreased levels of GSH to GSSG ratio, both in-
dicating that RSV infection induces significant oxidative stress
in airway epithelial cells.

RSV Infection Modifies the Expression of
Antioxidant Enzymes

We have recently shown that the membrane-bound NAD(P)H
oxidase system plays a fundamental role in initiating ROS-
dependent signaling in airway epithelial cells infected by RSV,
as treatment with a variety of NAD(P)H oxidase inhibitors
blocks RSV-induced IRF-3 and STAT transcription factor
activation (8, 17). The first ROS produced in the reduction
pathway of oxygen is the superoxide anion (O,~), which is
metabolized to hydrogen peroxide (H,O,) by superoxide dis-
mutases, SOD 1, 2, or 3, depending on the primary site of
O2~production. Catalase and GPx then detoxify H,O, by
generating water and oxygen, while GST is important for
detoxification of a variety of nonradical reactive metabolites.
To investigate the effect of RSV infection on the expression of
AOE in A549 cells, as a protective mechanism against oxidative
damage, SOD 1, 2, and 3, catalase, and GST protein expression
was evaluated by Western blot analysis. A549 cells were
infected with RSV at MOI 1 and harvested at 6, 15, 24, and
48 hours after infection. The results showed an initial increase
of SOD 1, GST, and catalase protein expression and a sub-
sequent decrease of all AOE in infected A549 cells, compared
with uninfected cells, with the exception of SOD 2, whose level
continued to increase with the progression of viral infection
(Figure 2A). Densitometric analysis of the Western blot results
showed that there was an initial increase of 29.41% (1.3-fold) of
SOD 1 protein expression at 6 hours after infection, which
gradually decreased by 80% (5.25-fold), 74% (3.8-fold), and
96% (29-fold), respectively, at 15, 24, and 48 hours after RSV

Figure 1. Evidence of oxidative stress in A549 cells.
(A) A549 or (B) small airway epithelial (SAE) cells
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infection (Figure 2B), compared with uninfected cells. SOD
2 protein expression progressively increased throughout the
course of RSV infection, compared with uninfected cells, with
an increase of 58% (1.6-fold) and 293% (3.94-fold) at 24 and
48 hours after infection, respectively (Figure 2B). SOD 3 protein
levels in RSV-infected A549 cells decreased significantly
throughout the course of infection, with approximately 20, 50,
65, and 40% reduction at 6, 15, 24, and 48 hours after infection,
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Figure 2. RSV infection modifies the expression of
AOE in A549 cells. Total cell lysates, prepared from
A549 cells uninfected or infected with RSV for 6, 15,
24, and 48 hours, were resolved on 10% SDS-
PAGE, and Western blot was performed using anti-
bodies against superoxide dismutase (SOD) 1, 2, 3,
catalase, and glutathione-S-transferase (GST) pro-
teins. Membranes were stripped and reprobed for
B-actin as an internal control for protein integrity
and loading. (A) Lanes 1, 3, 5, and 7: uninfected
control cells for 6, 15, 24, and 48 hours after
infection; lanes 2, 4, 6, and 8: RSV-infected cells

24 48 for corresponding time points of infection. (B)
Densitometric analysis of Western blot bands. Open
bars, control; solid bars, RSV. The figure is repre-
sentative of two independent experiments.

24 48

Hours post-infection

compared with uninfected cells (Figure 2B). Catalase protein
level showed an initial increase at 6 hours after infection
(33.33%), with a significant decrease only at the latest time
point of infection (80% at 48 h after infection) (Figure 2B).
Similarly, there was an initial increase in the GST protein level
at 6 hours after infection of 14% and later a progressive
decrease of 23, 35, and 45% at 15, 24, and 48 hours after
infection (Figure 2B), compared with uninfected cells.
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RSV Infection Down-Regulates Antioxidant Gene Expression
in Airway Epithelial Cells

To investigate the mechanism responsible for the observed
changes in AOE protein levels in response to RSV infection,
we investigated AOE mRNA levels. Total RNA was isolated
from control and RSV-infected AS549 cells at 6, 15, 24, and
48 hours after infection and SOD 1, 2, 3, and catalase genes were
amplified by Q-RT-PCR. Similar to what we observed for the
AOE protein levels, there was a significant decrease of SOD 1, 3,
and catalase mRNA expression during the course of RSV
infection, in particular at the later time points (24 and 48 h after
infection), while there was an increase in SOD 2 mRNA level,
starting at 15 hours after infection (Figure 3A). SOD1 expression
decreased by approximately 30 and 40% at 24 and 48 hours after
infection, while SOD 3 mRNA expression was lower in RSV cells
throughout the course of infection, with a decrease of 30, 70, and
75% of the levels of expression at 6, 15, 24, and 48 hours after
infection, compared with uninfected cells. Similarly, catalase
mRNA expression also decreased by approximately 40, 80, and
75% at 15, 24, and 48 hours of RSV infection. On the other hand,
SOD 2 mRNA expression was significantly higher in RSV-
infected A549 cells, with a 4.5-, 12-, and 16-fold increase at 15,
24, and 48 hours after infection, compared with uninfected cells.

To confirm our findings in A549 cells, a similar experiment
was performed using normal SAE cells. The pattern of AOE
mRNA expression in SAE cells infected with RSV was similar
to the one found in infected A549 cells (Figure 3B). SOD 1
mRNA expression in SAE-infected cells decreased by approx-
imately 40, 55, 67, and 90% at 6, 15, 24, and 48 hours after
infection, respectively, compared with uninfected cells. SOD 2
mRNA expression was significantly higher in RSV-infected
SAE cells both at 24 hours (~ 6-fold) and 48 hours (~ 35-fold)
after infection, compared with uninfected cells. SOD 3 mRNA
expression was slightly higher at the earlier time points of RSV
infection, 1.5-fold at 6 hours after infection and 1.3-fold at
15 hours after infection, but significantly decreased at 48 hours
after infection (60% of uninfected cell level). On the other
hand, catalase mRNA expression significantly decreased in
SAE-infected cells throughout the course of infection, with
a 33, 80, 90, and 95% reduction at 6, 15, 24, and 48 hours after
infection.

RSV Infection Modifies AOE Activities in Airway
Epithelial Cells

To determine whether changes in AOE gene and protein
expression resulted in changes in their activity in response to
RSV infection, total cell lysates were prepared from A549 and
SAE cells either uninfected or infected for 6, 15, 24, and
48 hours to measure SOD, catalase, GST, and GPx enzymatic
activity. There was a significant reduction of all AOE activities
in both cell types with the progression of RSV infection, in
particular of GPx and GST, with the exception of total SOD,
which increased at the later time points of infection (Figure 4).
In RSV-infected A549 cells, total SOD activity initially de-
creased at the earlier time points of infection (~ 50% reduction
both at 6 and 15 h after infection), compared with uninfected
cells, with a subsequent increase starting at 24 hours (25%
increase) and in particular at 48 hours after infection (1,397.8%)
(Figure 4A). Similar results were obtained in SAE cells infected
with RSV (Figure 4B), in which there was an initial decrease in
the SOD activity at 6 hours after infection (~ 60% ), compared
with uninfected cells, and then a progressive increase at 24
(66%) and 48 hours after infection (3,500%).

There was no change in catalase activity at 6 hours after
infection in RSV-infected A549 cells, compared with uninfected

cells, but we observed a progressive decrease in activity with the
progression of infection, with a reduction of 13.5% at 15 hours,
17.5% at 24 hours, and 42% at 48 hours after infection (Figure
4A). A similar trend was present in infected SAE cells, with no
changes in catalase activity at 6 and 15 hours after infection and
a decrease of approximately 20% at 24 hours and 30% at
48 hours after infection (Figure 4B).

Because the glutathione redox cycle is complementary to
catalase in scavenging H,O,, we also investigated GPx activity
in response to RSV infection. There was a significant increase
(138.5%) in the GPx activity initially at 6 hours in RSV-infected
AS549 cells compared with control cells; however, GPx activity
progressively decreased at 15 hours (15.9%), 24 hours (30%),
and 48 hours (60%) after infection (Figure 4A). GPx activity in
SAE cells also showed an initial increase at 6 hours after
infection (78.2%), compared with uninfected cells, with a 15%
decrease at 15 hours, 30% at 24 hours, and 25% decrease at
48 hours after infection (Figure 4B).

Finally, GST activity initially increased at 6 hours after
infection, compared with uninfected cells, but then decreased
at all subsequent time points of infection, with a reduction of
50% at 15 and 24 hours after infection and 75% at 48 hours
after infection (Figure 4A). GST activity in SAE cells also
showed a progressive decrease in response to RSV infection,
with a reduction of 6% at 6 hours, 30% at 15 and 24 hours, and
60% at 48 hours after infection, compared with uninfected cells
(Figure 4B).

In summary, the finding of increased SOD activity and
decreased catalase, GPx, and GST activity in airway epithelial
cells indicates that RSV infection likely results in enhanced
intracellular H,O, production, which is not detoxified by AOE,
leading to the generation of highly reactive oxygen species, such
as the hydroxyl radical (OH-) and significant cellular damage.

Effect of Catalytic Scavengers on RSV-Induced RANTES
and IL-8 Secretion

We have previously shown that RSV-induced ROS production
regulates transcription factor activation and chemokine gene
expression, as antioxidant treatment significantly reduces RSV-
induced IL-8 and RANTES secretion (7). EUK-163 and EUK-
134 are a novel class of synthetic superoxide dismutase/catalase
mimetics, with EUK-163 being mainly a SOD mimetic and
EUK-134 having significant catalase/peroxidase activity (18).
To determine the effect of increased SOD activity alone or in
combination with other antioxidant activities on RSV-induced
chemokine production, A549 cells were pretreated with 400 uM
EUK-163 or EUK-134 (Eukarion, Inc./Proteome System,
Woburn, MA) and then infected with RSV. Cell culture super-
nantants from uninfected or infected cells were harvested at
24 hours after infection and tested for IL-8 and RANTES
secretion by ELISA. Treatment of A549 cells with EUK-134,
but not EUK-163, significantly inhibited RSV-induced chemo-
kine secretion (Figure 5), suggesting that enhancement of SOD
activity in infected cells cannot reduce ROS-mediated signaling
and subsequent viral-induced gene expression, while increasing
the levels of catalase and/or peroxidase activity can.

RSV Infection Down-Regulates Nrf-2 Expression in
Airway Epithelial Cells

Transcription of many oxidative stress—inducible genes is reg-
ulated in part through cis-acting sequences known as antioxi-
dant response elements (AREs). These elements have been
identified in the regulatory regions of many genes encoding
phase-2 detoxification enzymes and various other cytoprotective
proteins such as NQO1 (NAD(P)H:quinone oxidoreductase)
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compounds, GST, and other antioxidant enzymes (reviewed in oxidative stress. The CNC family consists of four closely related

Ref. 19). Nrfs are basic-leucine-zipper (bZIP) proteins belong- members including Nrfl, Nrf2, Nrf3, and p45NFE2, as well as
ing to the cap-n-collar (CNC) family of transcription factors, two distantly related factors, Bachl and Bach2. To establish the
which bind to the ARE and coordinate the expression of base for a potential mechanism involved in the down-regulation
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of AOE expression in response to RSV infection, we conducted creased nuclear levels of Nrf2, compared with uninfected cells,
preliminary experiments to determine whether the expression starting as early as 15 hours after infection, with minimal levels

of the key transcription factor Nrf2, which control basal and observed by 48 hours after infection (Figure 6A). A similar
inducible expression of several AOE, was affected by viral trend was observed in Nrf2 mRNA levels in A549 cells infected
infection. We found that RSV-infected A549 cells had de- with RSV (Figure 6B), with a more pronounced decrease in
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Figure 5. Effect of catalytic scavengers on RSV-
induced chemokine secretion. A549 cells were
infected with RSV in the absence or presence of
400 pM EUK-134 or EUK-163. Culture superna-
tants, from uninfected and infected cells, were
assayed 24 hours later for RANTES and IL-8 pro-
duction by ELISA. *P < 0.05 relative to untreated,
RSV-infected cells. The figure is representative of
two independent experiments run in triplicate.
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Nrf2 mRNA expression in SAE cells (Figure 6C), suggesting
that the decrease level in AOE gene expression observed in
response to RSV infection could be due to the progressive
reduction in Nrf2 nuclear levels.

DISCUSSION

Free radicals and reactive oxygen species have been shown to
function as cellular signaling molecules influencing a variety of
molecular and biochemical processes, including expression of
proinflammatory mediators, such as cytokines and chemokines
(reviewed in Ref. 5). However, excessive ROS formation can
lead to a condition of oxidative stress, which has been impli-
cated in the pathogenesis of several acute and chronic airway
diseases, such as asthma and chronic obstructive pulmonary
disease (COPD) (reviewed in Ref. 20). Inducible ROS gener-
ation has been shown after stimulation with a variety of
molecules and infection with certain viruses like HIV, Hepatitis
B, influenza, and rhinovirus (reviewed in Ref. 21). We have
recently shown that RSV infection of airway epithelial cells
induces ROS production, in part through an NAD(P)H oxi-
dase-dependent mechanism, and that antioxidant treatment
blocks transcription factor activation and chemokine gene
expression in vitro (7, 8, 17) and ameliorates RSV-induced
clinical illness in vivo (9), indicating a central role of ROS in
RSV-induced cellular signaling and lung disease. In the present
study, we investigated whether RSV infection of airway epithe-
lial cells led to a condition of cellular oxidative stress, defined as
a disruption of the pro-oxidant-antioxidant balance in favor of
the former, due to an impairment of antioxidant defense
systems (Figure 7). Our findings of a progressive increase in
lipid peroxidation products, such as 8-isoprostanes, MDA and
4-HNE, and a progressive reduction of GSH/GSSG ratio,
provide a strong evidence of increased oxidative stress in
RSV-infected airway epithelial cells. Interestingly, the protec-
tive mechanism of up-regulating antioxidant defenses in re-
sponse to RSV occurred only at the very beginning of infection,
with an increase in SOD 1, SOD 2, catalase and GST expres-
sion, and GPx activity at 6 hours after infection. While SOD 2
expression and total SOD activity continued to increase during the
time course of RSV infection, there was a progressive decrease in
the expression and activity of all the other tested AOEs. SOD
enzymes convert superoxide anion to H,O,, and catalase and GPx
convert H,O, to water and oxygen. The increase in total SOD
activity, together with the progressive decrease in catalase, GPx,
and GST expression and activity, suggests that RSV infection
likely results in enhanced intracellular H,O, production, which is
not detoxified by AOEs, leading to the generation of free radicals,
such as the hydroxyl radical (OH), which react with lipids,
proteins, and DNA, causing structural cellular damage (Figure 7).

EUK-163 EUK-134

Although there is increasing evidence that generation of
oxidative stress is linked to the pathogenesis of a variety of
acute and chronic inflammatory lung diseases, little is known
regarding the role of ROS in respiratory virus-induced lung
diseases and the effect of respiratory viruses on AOE expres-
sion and/or activity. In a recent study investigating global gene
expression in airway epithelial cells infected with human
metapneumovirus (hMPV), a recently identified paramyxovi-
rus, we found that hMPV induces a progressive decrease of
SOD 3, catalase, GST, and peroxiredoxin expression levels in
infected airway epithelial cells, with a concomitant increase in
SOD 2 and no change in SOD 1 expression (22), similar to what
we have observed with RSV. Rhinovirus infection of bronchial
epithelial cells has been shown to induce ROS formation (23)
and to increase SOD 1 expression and total SOD activity at
early time points of infection, with no changes in SOD 2,
catalase, and GPx (24). However, AOE expression/activity was
investigated only at 6 hours after infection but not at later time
points. Similar to RSV, influenza virus induces SOD 2 gene
expression in airway epithelial cells, with a concomitant de-
crease in catalase gene expression (25). Similar findings were
reported in a mouse model of influenza infection, with increased
expression of SOD 2 (26); however, total lung SOD and catalase
activity, as well as the ratio of GSH/GSSG, have been shown to
be reduced in mice after influenza infection (27), supporting the
knowledge that oxidative stress plays a significant role in the
pathogenesis of influenza-induced pneumonia (28, 29). In pre-
liminary studies, using a mouse model of RSV infection, we
have also observed a progressive decrease in SOD, catalase, and
GST expression and activity in bronchoalveolar lavage of
infected animals (Y. Hosakote, personal communication),
which could explain our previous finding that RSV infection
induces significant oxidative stress in vivo and that antioxidant
treatment improves clinical disease and lung inflammation (9).

Although an increase in antioxidant defenses has been
shown to occur in certain pulmonary diseases with increased
oxidant burden such as exposure to hyperoxia (30), ozone (31),
and cigarette smoke (32), decreased antioxidant expression and/
or activity has been reported in other respiratory acute and
chronic inflammatory disease such as asthma and COPD (33—
36). Reduced SOD and catalase activity has been shown in
airway epithelial cells and/or bronchoalveolar lavage obtained
from patients with asthma (33-35). Similarly, decreased catalase
and GST expression has been found in the lungs of patients with
COPD in association with chronic smoke exposure (36).

The SOD 2 gene promoter contains binding sites for several
transcription factors such as NF-kB and activator protein (AP)-1
(reviewed in Ref. 37), with NF-kB being necessary for SOD 2
gene expression in response to cytokine stimulation (38, 39). We
have previously shown that RSV is a potent activator of NF-«kB
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Figure 6. RSV infection down-regulates Nrf2 expression. A549 cells
were infected with RSV for various lengths of time and harvested to
prepare nuclear extracts. (A) Nuclear amounts of Nrf2 protein were
determined by Western blot. Nrf2 gene expression after RSV infection
was quantified in (B) A549 cells or (C) SAE cells by real-time PCR. Open
bars, control; solid bars, RSV. Data are presented as fold changes and
are representative of two independent experiments. *P < 0.05 relative
to uninfected cells.

in airway epithelial cells (12) and it is likely that its induction is
responsible for the observed increase in SOD 2 expression and
activity level observed in the course of RSV infection, as well as
in the course of infection with other respiratory viruses. On the
other hand, the mechanism leading to decreased expression/
activity of AOE is not clear. SOD 3 and catalase expression
have been shown to be negatively regulated in response to
cytokine stimulation such as IL-1, TNF-a, and IFN-y (40).
Furthermore, oxidative stress can lead to SOD and catalase
inactivation, as it has been shown in the BALs of patients with
asthma (35). Nrf2 is a central transcription factor regulating the
expression of a variety of cytoprotective genes involved in
detoxification of xenobiotics and in counteracting cellular
oxidative stress, including inducible AOE genes (reviewed in
Ref. 41). In preliminary studies, we have observed that RSV
infection leads to a progressive decrease in the nuclear protein
levels of Nrf2, suggesting a potential mechanism for down-

NADPH,

NADPH oxidase

NADP

Proteins
Lipids

Figure 7. Schematic representation of the proposed mechanism(s) of
oxidative cell damage in RSV infection.

regulation of AOE gene expression. A recent study has shown
that the Nrf2-ARE pathway plays a protective role in the
murine airways against RSV-induced injury and oxidative stress
(42). More severe RSV disease, including higher viral titers,
augmented inflammation, and enhanced mucus production and
epithelial injury were found in Nrf2™/~ mice compared with
Nrf2*/* mice.

In the past few years several classes of synthetic antioxidant
mimetics have been generated and tested as a potential thera-
peutic approach to oxidant-related lung damage. The salen class
of AOE mimetics includes compounds that have mainly SOD
activity as well as compounds that in addition exhibit catalase
and peroxidase activity. These molecules have been shown to be
effective in preventing lung injury in animal models of oxidative
stress, as well as to protect against damage of other organs, such
as heart, kidney, and liver (reviewed in Ref. 37). Our findings
that treatment of epithelial cells with EUK-134, but not EUK-
163, significantly inhibited RSV-induced chemokine secretion
suggest that enhancement of cellular SOD activity alone in
response to RSV infection cannot modulate ROS-mediated
signaling and subsequent viral-induced gene expression, while
increasing the levels of catalase and/or peroxidase activity is
beneficial in reducing proinflammatory gene expression. These
results, together with our previous finding that antioxidant
treatment attenuates symptoms and pathology in RSV infection
(9), warrant further investigation of AOE mimetics as a novel
therapeutic approach to modulate virus-induced pulmonary
disease.
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